Background. Neuropathic pain is associated with significant co-morbidity, including anxiety and depression, which impact considerably on the overall patient experience. However, pain co-morbidity symptoms are rarely assessed in animal models of neuropathic pain. To improve the clinical validity of a widely used rodent model of traumatic peripheral neuropathy, we have investigated fear-avoidance-and depression-related behaviours in nerve-injured and shamoperated mice over a 4 week period.
There is a significant co-morbidity between neuropathic pain and various neuropsychiatric disorders, including anxiety and depression. 1 -5 The high prevalence of these disorders and associated clinical burden among patients with chronic pain is well recognized, although the evidence for common pathophysiological mechanisms is only now beginning to emerge. 4 6 A recent study found symptoms of depression and anxiety in the majority of patients suffering from lesions of a peripheral nerve or nerve root, 2 with one study finding a prevalence rate for depression approaching 100% among chronic pain patients. 7 In turn, there is evidence for the deleterious impact of affective illness on both the diagnosis and prognosis of neuropathic pain. 4 8 9 Rodent models have proved valuable in identifying pathophysiological mechanisms and therapeutic targets for emotional 10 and pain disorders. 11 12 However, relatively few studies have investigated the potential effects of neuropathic pain on measures of fear-avoidance-and depression-related behaviours in rodents. Kontinen and colleagues 13 found that spinal nerve ligation-induced neuropathic pain did not alter fear-avoidance behaviours in the open-field and elevated plus-maze (EPM) tests in rats tested 2 weeks after injury. In contrast, a recent study in mice showed that persistent inflammatory pain induced by intraplantar injection of complete Freund's adjuvant and nerve injury caused by partial sciatic nerve ligation (PSNL) led to increased fear-avoidance behaviours on the light -dark exploration test and EPM 4 weeks later.
Similarly, we have recently observed increased fearavoidance behaviour in rat models of traumatic, viral, and cytokine-induced neuropathic pain as assessed in the openfield test. 15 16 To further clarify the relationship between pain and emotion, the present study used an established murine model of neuropathic pain to investigate the effects of pain on fear-avoidance-and depression-related behaviours. C57BL/6J mice underwent unilateral PSNL and were then tested on the novel open-field, EPM, and tail suspension tests (TSTs) at intervals of 7, 14, or 28 days after surgery. We hypothesized that traumatic peripheral neuropathy would be associated with increased fear-avoidance and depression-related behaviours, and that these effects would be more pronounced as the chronicity of pain increased.
Methods

Animals and surgical procedure
Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) with mean weight of 25.6 g (range 20.8-30.2 g) were randomly allocated to one of two experimental groups: PSNL (n¼36) and sham procedure (n¼36). Nerve-injured and sham animals were examined behaviourally at one of three time points: day 7, 14, and 28 after operation (n¼12 per group, i.e. separate groups of animals were used at each time point). Surgery was performed under general anaesthesia with isoflurane 1.0-2.0% and nitrous oxide 60% in oxygen. Briefly, the left (ipsilateral) sciatic nerve was exposed just above its trifurcation and one-third-half of the nerve trunk tightly ligated using 7.0 non-absorbable silk suture (Mersilk, Ethicon).
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The wound was closed in layers (4-0 Mersilk, Ethicon), and animals were allowed to recover. In sham animals, the sciatic nerve was exposed, but not ligated. Mice were housed four per cage in a temperature-and humiditycontrolled vivarium under a 12 h light/dark cycle (lights on 06.00 hours). Experimental procedures were performed in strict accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by the local Animal Care and Use Committee.
Stimulus-evoked reflex withdrawal tests
Before surgery, the baseline threshold value for hind paw withdrawal in response to punctate mechanical stimulation was measured in conscious animals with graded von Frey filaments (Stoelting Co., Wood Dale, IL, USA). Threshold response was defined by the filament that caused active paw withdrawal at least three times in every five applications. 17 Baseline measurements were also taken for hind paw withdrawal responses to an acetone drop applied to the plantar surface of each hind paw. 18 The response was scored 0-3 based on the following scale: 0¼no response; 1¼brief flick of hind limb; 2¼hind limb raised for .1 s; and 3¼biting and licking of hind paw. There were 12 animals per group (as described in Methods). For each animal, 2 readings were taken per paw. This gave a total of 24 readings per paw. To allow comparisons within groups and among groups, the mean of 24 readings was calculated (i.e. 2 per animal). The standard error of this mean was then derived. Animals were re-tested on days 6, 13, and 27 after operation for responses to von Frey filaments and acetone to establish the development of neuropathy (i.e. development of hypersensitivity to mechanical and cool stimulation). Animals that did not demonstrate significant (P,0.05, paired t-test) reduction in sensory thresholds compared with baseline values were excluded from the study. Reflex withdrawal testing was performed in the morning under controlled environmental conditions and was consistent across all groups tested.
Novel open-field
The novel open-field test was conducted on the morning after postoperative stimulus-evoked reflex withdrawal testing. 19 The apparatus was a square arena (39Â39Â35 cm) with opaque white Plexiglas walls and floor, which was evenly illuminated to $20 lux. The mouse was placed in a corner and allowed to explore freely for 15 min. Total distance travelled, time spent in the (20Â20 cm) centre, and entries into the centre were measured using the Ethovision videotracking system (Noldus Information Technology, Leesburg, VA, USA).
Elevated plus-maze
The EPM test was conducted 3 h after the open-field test. 
Tail suspension test
The TST 19 20 was conducted last, on the morning after testing in the EPM. The rationale for this being that it may be a more stressful test. The mouse was securely fastened by the end of the tail to a flat surface that was suspended in a visually isolated white Plexiglas box (40 cm 3 ) and manually observed for the presence or absence of immobility (cessation of limb movements) every 5 s during the last 4 min of a 6 min session.
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Statistical analysis
Statistical analysis was performed using Sigmastat (Jandel Scientific Software version 2.0). A three-way analysis of variance (ANOVA), followed where appropriate by post-hoc tests, was used to compare ipsilateral or contralateral paw withdrawal response thresholds at baseline with those measured after operation, and for ipsilateral compared with contralateral paws at each time point. For statistical comparisons in the integrated behavioural paradigms, a two-way ANOVA followed by post-hoc tests was used for all inter-and intra-groups. Significance level was taken at P,0.05. Variance is expressed as standard error of the mean (SEM).
Results
Behavioural reflex sensitivity
There was a significant interaction between surgery (PSNL vs sham), foot side (contralateral vs ipsilateral), and time (baseline vs postoperative day) on reflex withdrawal to punctate mechanical stimulation on each postoperative day (F1,282¼ 14.68, P,0.01). Post-hoc tests demonstrated that PSNL animals had significantly lower pain thresholds on the ipsilateral side on days 6 (P,0.05), 13, (P,0.01), and 27 (P,0.01) compared with sham-operated animals (Fig. 1 ). There were no effects of surgery or time on the contralateral side. Three-way ANOVA also found an interaction between surgery, Fig 1 Behavioural reflex sensitivity. Development of hypersensitivity to (i) punctate mechanical and (ii) cool stimuli in the ipsilateral hind paw of partial sciatic nerve ligated (PSNL) (n¼12 per group) vs sham-operated (n¼12 per group) mice on days (A) 6; (B) 13; and (C) 27 post-surgery. Statistical analysis was performed using the three-way ANOVA followed by post-hoc tests where appropriate. *P,0.05 or **P,0.01 for ipsilateral response threshold compared with sham ipsilateral values. At all time points, PSNL injured animals developed significant sensitivity to both tests compared with sham-operated animals.
foot side, and time on withdrawal to a cooling stimulus that was significant for day 13 (F1,22¼5.89, P,0.05) and approached statistical significance on day 6 (F1,22¼4.09, P¼0.0556). On day 27, there was a main effect of surgery on withdrawal to the cool stimulus (F1,22¼5.43, P,0.05). Post-hoc analyses showed that there was a greater response to the cool stimulus on the ipsilateral side in PSNL animals on days 6 (P,0.01), 13 (P,0.05), and 27 (P,0.05) compared with sham-operated animals.
Novel open-field
There was a main effect of surgery (PSNL vs sham) on percentage time spent in the central area of the open-field (F1,66¼6.63, P,0.05). However, on post-hoc analysis, there were no significant differences for any of the specific postoperative days (Fig. 2A ). There were main effects of both surgery (F1,66¼4.054, P,0.05) and postoperative day (F2,66¼4.278, P,0.05), but no interaction on frequency of entries into the centre of the open-field. Both PSNL-injured and sham-operated mice entered the central area significantly (P,0.05) more often on day 14 than on either day 7 or day 28 after operation ( Fig. 2B ). There was a main effect of postoperative day, but not surgery, for total distance travelled in the open-field (F2,66¼13.036, P,0.01). Post-hoc analyses revealed that greater distance was travelled on day 14 compared with days 7 and 28 (P,0.05), regardless of surgical condition (Fig. 2C) .
Elevated plus-maze
There was a significant interaction between surgery (PSNL vs sham) and postoperative day of testing for frequency of open arm entries (F2,66¼4.663, P,0.01). Post-hoc analysis revealed that PSNL animals made significantly (P,0.05) more entries into the open arms than did sham-operated animals on day 14 after operation, but not on the other days (Fig. 3A) , However, there were no main effects or interactions on the time spent in the open arms. There was a significant effect of postoperative day, but not surgery, on closed arm entries (F2,66¼5.68, P,0.05), with significantly more entries into the closed arms on day 14 than day 7 regardless of surgical condition (Fig. 3B ). In addition, there was a main effect of surgery on the time spent in the closed arms (F1,66¼5.774, P,0.05). Post-hoc analysis revealed that on day 14 after operation, PSNL-operated animals spent significantly (P,0.05) less time in the closed arms than sham-operated animals (Fig. 3B ). There was a main effect of postoperative day on frequency of entries into the centre square (F2,66¼3.356, P,0.05), and post-hoc analysis revealed that mice made significantly (P,0.05) more entries here on day 14 compared with day 7 regardless of surgery (Fig. 3C ). There was a main effect of surgery on the time spent in the centre square (F1,66¼9.315, P,0.01). Post-hoc analysis revealed that PSNL mice generally spent more time in the centre square than sham-operated mice (Fig. 3C) .
Finally, there was a main effect of surgery, but not postoperative day, on the total distance travelled throughout the EPM (F1,66¼8.455, P,0.01). Post-hoc tests showed that on postoperative day 28, PSNL-operated mice generally travelled significantly (P,0.05) further than sham-operated animals (Fig. 3D) .
Tail suspension test
There was a main effect of postoperative day, but not surgery, for per cent immobility in the TST (F2,54¼ 4.016, P,0.05). Post-hoc analyses revealed that mice Lack of fear-avoidance in nerve-injured mice demonstrated significantly (P,0.05) less immobility on day 29 than on day 15 after operation (Fig. 4) .
Discussion
In humans, neuropathic pain is associated with significant co-morbidity, including anxiety and depression, which impact considerably on the overall patient experience and quality of life. 1 2 To date, reports of investigations of the presence of such co-morbid behaviour in rodent models of neuropathic pain are limited and somewhat conflicting. 21 Therefore, we have used three well-characterized behavioural paradigms to determine whether traumatic peripheral nerve injury-induced neuropathic pain behaviour in male C57BL/6J mice is associated with increased fearavoidance-and depression-related behaviour Firstly, we chose to utilize two well-validated measures of fear-avoidance behaviour: the novel open-field test and the EPM. Both tests are based upon conflict between an innate aversion to exposed, well-lit spaces and a tendency to explore novel environments. 10 As these tests may therefore detect subtle differences in the behaviour, we felt it necessary to investigate behavioural responses in both paradigms. Results showed that although hypersensitivity to punctate mechanical and cool stimulation was sustained for 28 days after partial sciatic nerve injury, there was no evidence of increased fear-avoidance behaviour after PSNL in either test. In fact, mice that demonstrated an increased sensitivity in stimulus-evoked hind limb reflex tests after PSNL tended to demonstrate evidence of reduced fear-avoidance behaviour, in that they showed more approach behaviour into potentially aversive environments. Specifically, PSNL-injured animals spent a greater amount of time in the centre of the open-field arena compared with sham-operated mice. No clear differences were seen on measures of fear-avoidance behaviour in the EPM. Thus, these findings therefore do not support our hypothesis that traumatic peripheral neuropathy is associated with increased fear-avoidance behaviour, and that this effect is more pronounced as the chronicity of pain is increased.
Secondly, we used a pharmacologically validated test for depression-related behaviour; the TST. The TST 23 24 is frequently used to assess depression-related behaviour, validated by its sensitivity to clinically effective antidepressants that cause mice to actively and persistently engage in escape-directed behaviours compared with nontreated controls. 10 Depression may be a major symptom associated with chronic neuropathic pain. 2 22 However, there was no evidence of depression-related behavioural abnormalities in nerve-injured animals in this test. Again, these findings fail to support our original hypothesis that mice displaying significant pain behaviour will also show signs of co-morbidity depression-related behaviours. Taken together, these data may suggest that conventional murine models of pain do not fully recapitulate the range of symptoms displayed by humans suffering from neuropathic pain, at least to the extent emotional symptoms can be measured in mice.
In contrast to our findings, a recent study in C57BL/6J mice showed increased fear-avoidance behaviours on the light-dark exploration test and EPM 4 weeks after intraplantar injection of complete Freund's adjuvant or PSNL. 14 The reason for these discrepancies is not clear, but may reflect differences in experimental protocols and paradigm design (e.g. it is not clear whether separate animals were used at each of the four time points examined or whether the same animals were re-tested at different time points, which is likely to reduce validity of behavioural testing). 25 Another potentially salient factor in the study of fearavoidance and pain in mice is the presence of marked strain differences. Data from strain comparison studies in tests of fear-avoidance demonstrate a significant strain effect on baseline activity, 26 and a similar strain difference exists for various tests of nociceptive sensitivity. 27 For example, the 129S1 strain tends to be the most sensitive to von Frey hair stimulation at baseline and develops the greatest magnitude of sensitivity after peripheral nerve injury. However, on threshold withdrawal from a heat stimulus (Hargreave's test), 129S1 mice are less sensitive than C57BL/6J mice. Interestingly, after peripheral nerve injury, 129S1 mice develop a significantly greater hypersensitivity compared with C57BL/6J mice. 27 In contrast, in an alternative test of ongoing pain, the formalin test, 129S1 mice show reduced pain behaviour compared with C57BL/6J mice. 27 This suggests that the strain used must be taken into consideration when modelling human conditions, including pain and fear-avoidance behaviour. This raises the possibility that genetic factors influence the effects of neuropathic pain on measures of fear-avoidance-and depression-related behaviour, and it would be of interest to compare effects of our pain model across different strains.
Another factor to consider is potential species differences between rats and mice. A number of rat models of pain have been shown to be associated with increased fearavoidance behaviour in the open-field paradigm. 15 16 Therefore, when assessing the suitability of integrated behavioural paradigms for the detection of pain behaviour, we must consider the suitability of the tests with regard to species as it appears that there is not only a strain-specific, but also a species-specific effect on fear-avoidance behaviour. Our findings suggest that mice, though widely used in paradigms of fear-avoidance-and depressionrelated behaviour, may not be a suitable species for the investigation of neuropathic pain co-morbidity. A better species for this purpose may be rats 15 16 in which Lack of fear-avoidance in nerve-injured mice pharmacologically sensitive fear-avoidance behaviour, characterized by increased thigmotaxsis ('wall-hugging') and reduced entry into the centre of an open-field arena, is correlated with mechanical hypersensitivity.
In conclusion, we have shown that in contrast to previous findings, 14 C57BL/6J mice displaying nerve injury-induced pain-like behaviour, as determined by standard hind paw withdrawal reflex tests, do not display increased fearavoidance or depression-related behaviour for up to 4 weeks after injury. In contrast, neuropathic mice tended towards less fear-avoidance or depressed-related state in all paradigms assessed. This behaviour may be a correlation of altered endogenous systems known to be associated with fear-avoidance and stress states such as the opioid or serotonergic systems. However, the involvement of such mechanisms in the behaviour we have tested is yet to be determined and merits further investigation. This suggests, however, that these tests could be utilized to assess the involvement of fear-avoidance mechanisms in the endogenous control of pain and co-morbid behaviour.
